Introduction {#s0001}
============

Evidence of the bidirectional role of the microbiome in human health continues to emerge. Patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) present with excessive post-exertional exhaustion and a complex array of symptoms suggestive of multi-systemic abnormalities.[@cit0001] Gastrointestinal, immune and neurological symptoms in ME/CFS makes this an appropriate clinical population to examine brain-gut-microbiota interactions. The recent proposition of the 'microgenderome' emphasizes the potential mediating and modulatory role of sex hormones in these interactions.[@cit0002] Flak et al.\'s explanation and other animal studies have shown that microbiota manipulation can alter hormonal, metabolic, inflammatory and/or immune processes.[@cit0003] Twin studies have revealed that the once similar microbial composition of opposite-sex twins becomes distinctly different after puberty when compared to same-sex twins that remain compositionally similar.[@cit0005] Application of the microgenderome lens has only recently been applied to a human clinical population.[@cit0006] The focus of this addendum is to provide a comprehensive summary of the original results and additional commentary on our earlier findings. We discuss further interpretations and implications related to genera compared with species-level analyses and D-lactate theory.

Our research[@cit0006] indicated support for the microgenderome by showing sex-specific associations between gut microbiota and symptom presentation in ME/CFS (detailed below). Results from faecal microbial assessments and self-reported symptoms were analyzed from 274 ME/CFS patients. Sex comparisons for self-reported ME/CFS symptoms showed that females tended to report greater impairment than males. The cross-sectional design impeded clear interpretation of the reason for these observed differences. A longstanding belief is that females tend to over-report symptoms compared with under-reporting in males.[@cit0007] However, accumulating evidence suggests that increased perception of symptoms in females correlates with higher circulating cytokine levels[@cit0008] and more chronic health problems[@cit0009] compared to males. Hence, our results may reflect gender differences in self-reporting or pathophysiological differences in ME/CFS presentation.

Culture-based methods for bacterial identification (MALDI-TOF MS) were used to measure microbial composition (see methods from original report[@cit0006]). The frequency and relative abundance (RA) of selected anaerobic (*Bacteroides, Bifidobacterium, Clostridium, Eubacterium*, and *Lactobacillus*) and aerobic (*Escherichia, Streptococcus*, and *Enterococcus*) genera were similar across the sexes (data available in Table S2 in the original article[@cit0006]). Sex-differences between self-reported symptoms in the presence of compositional similarity led to investigation of possible sex-interactions between microbiota and symptoms.

Sex differences in symptom-microbiota associations {#s0001-0001}
--------------------------------------------------

Non-parametric correlations between symptoms and the microbial abundance of specific genera showed a sex-divergent pattern of associations. Effect sizes were small to medium suggesting that microbiota-symptom interactions may reflect one piece of the complex ME/CFS puzzle. As highlighted in our original article,[@cit0006] sex differences were notable for *Streptococcus, Lactobacillus* and *Clostridium* genera. Significant associations between RA of other genera and symptom factors were also shown for males and females independently. In this addendum we present all significant associations from our original analyses including genera (*Enterococcus, Eubacterium*) and *Total Bacteria Count* (defined in [Fig. 1](#f0001){ref-type="fig"} legend) that were not previously discussed. [Figure 1](#f0001){ref-type="fig"} clearly demonstrates a divergent pattern of associations between the sexes. Figure 1.Summary of significant associations between genera relative abundance (RA) and ME/CFS symptom factors (F1-F13). All significant (*P* ≤ 0.05) Spearman\'s rank order correlations (*r*~*s*~) are shown highlighting differences between males (black) and females (orange). RA: calculated from ratio of each genus viable count divided by t *Total Bacteria Count* expressed as a percentage. Total Bacteria Count: calculated from exponent value of total bacteria detectable on MALDI-TOF MS assessment. Symptom factors included: F1. Fatigue, F2. Neurocognitive, F3. Pain, F4. Sleep, F5. Neurosensory, F6. Immune, F7. Gastro-intestinal, F8. Genitourinary, F9. Sensitivities, F10. Energy Production/Transportation Impairments, F11. Mood, F12 ICC Symptom Score (sum of F1-F10), F13. Total Symptom Score (sum of F1-F11). F12 reflects diagnostic symptoms from the International Consensus Criteria (ICC) for ME/CFS. F13 also includes the mood factor (F11) as these frequently comorbid symptoms are not a diagnostic requirement. Positive correlations show that symptom factor and RA covary in the same direction i.e. either both increasing or both decreasing. An inverse monotonic association is indicated by negative correlations. Correlations can be interpreted as small (0.01), moderate (0.03) and large (0.05) effect sizes.[@cit0035] \**P*  ≤ 0.05, \*\**P*  ≤  0.01, \*\*\**P*  ≤ 0.001.

*Streptococcus* and *Clostridium* were the only 2 genera that showed significant associations with symptom factors for both males and females. Surprisingly, an opposite direction of associations was observed. Increased streptococcal colonization was associated with more impairment in males ([Fig. 1](#f0001){ref-type="fig"}, eight significant positive correlations noted) but less impairment in females ([Fig. 1](#f0001){ref-type="fig"}, three significant negative correlations found). For females, higher levels of clostridial colonization correlated with higher symptom scores ([Fig. 1](#f0001){ref-type="fig"}, six positive significant correlations). For clostridial colonisation in males, only one significant negative correlation was identified, whereby mood symptoms and *Clostridium* levels were inversely related ([Fig. 1](#f0001){ref-type="fig"}). Possible reasons for these differences are merely speculative at this stage and are explored below.

For males, *Eubacterium* and *Total Bacteria Count* also showed significant negative correlations ([Fig. 1](#f0001){ref-type="fig"}). Pain symptoms (F3) correlated negatively with *Eubacterium* RA. Negative correlations were observed between *Total Bacteria Count* and all symptom factors in males. The one significant negative correlation between *Total Bacteria Count* and self-reported energy production/transportation impairments (F10) in males (see [Fig. 1](#f0001){ref-type="fig"}) may reflect reduced capacity for energy production with less bacterial numbers. Colonic bacterial metabolism of volatile fatty acids has been shown to account for approximately 10% of energy production in humans.[@cit0010] Using metagenomics sequencing methods, decreased bacterial abundance and diversity has been shown within inflammatory bowel disease (IBD) and obesity populations.[@cit0011] Sex differences were either not considered[@cit0011] or statistically controlled[@cit0012] in these studies. Inter-individual differences of bacterial abundance and diversity within healthy populations[@cit0013] support the need to investigate functional difference in energy metabolism to more accurately interpret our results.

Genera analyses -- A starting point {#s0001-0002}
-----------------------------------

Analysis at the genus level provides a broad picture of interactions. An example of the complexity of possible interpretations is provided by examining the results for *Clostridium. Clostridium* RA and symptom associations highlight the potential importance of this genus in ME/CFS females. However, correlational analyses impede our ability to determine whether the increase in symptoms associated with increased *Clostridium* RA is causative or consequential. Further evidence of functional diversity within the *Clostridium* genus makes interpretation difficult and invites species-level analyses.

Varied protective roles of *Clostridium* species have been described within the literature. The commensal properties of the genus *Clostridium* have been recognized within experimental and clinical research. Atarashi and colleagues[@cit0014] found that specific components of the immune system may be modulated by *Clostridium*, with clusters IV and XIVa promoting regulatory T cell (T~reg~) production and associated anti-inflammatory effects. *Clostridium*-abundant mice evidenced less colitis, improved bowel markers and reduced allergic response. No reference was made to the sex of the mice used in these studies, nor was reference made to the potential effect of bacterial diversity, i.e., multi-strained colonisation (46 strains of *Clostridium*) compared with colonisation with fewer strains (segmented filamentous bacteria, 3 strains of lactobacillus, and 16 strains of Bacteroides). Consistent with animal models, human investigations have shown lower ratios of *Clostridium leptum* and *Clostridium coccoides* in patients with IBD compared with healthy controls.[@cit0015] Results to date are not causative, however, the potential beneficial role of *Clostridium* species in gut health warrants further investigation.

Other *Clostridium* species have been associated with disease. Key examples of the potentially deleterious role of *Clostridium* species include the well-documented neurotoxic and enterotoxic effects of many species including *Clostridium botulinum* and *Clostridium difficile*.[@cit0016] Higher incidence of *Clostridium* species have been identified in patients with irritable bowel syndrome compared with healthy controls.[@cit0017] Additionally, opportunistic species *Clostridium difficile* and *Clostridium perfringens* proliferate with increased refined sugar intake.[@cit0018] Conflicting findings call for consideration of species- and host-specific effects. Genetic diversity and dietary interactions with microbiota may promote differing commensal or deleterious effects dependent on the individual.[@cit0019]

Results from the current sample raise more questions than answers. The associations between neurological symptoms and *Clostridium* in females may reflect the neurotoxic effects of specific species that may be mediated or modulated by sex hormones in a subset of ME/CFS patients. However, our interpretations are limited because hormonal and metabolic profiles were not collected for this retrospective sample and could not be correlated with bacterial composition. Species level investigations and functional microbial assessment are required to ascertain the role of *Clostridium* in ME/CFS presentations and why this may differ between the sexes. Increased specificity has value for all of the genera examined. Genus-level analyses provide initial insights and demand further investigation at the species-level to aid interpretation.

D-lactate theory {#s0001-0003}
----------------

For males, *Streptococcus* was highlighted as a genus positively associated with ME/CFS symptom factors, suggesting a potential deleterious role. This result may support the application of D-lactate theory for ME/CFS. D-lactic acidosis (D-la) is a condition originally observed in ruminants.[@cit0020] In humans, it is primarily reported in patients with short bowel syndrome where an increased level of D-lactate is associated with neurological symptoms reflecting encephalopathy.[@cit0021] Certain species of *Streptococcus, Lactobacillus, Bifidobacterium and Enterococcus* produce more D-lactate (the isomer of L-lactate).[@cit0022] Humans have the capacity to metabolise both D- and L-lactate.[@cit0024] However, D-lactic acid can accumulate in the presence of bacterial overgrowth, triggered by carbohydrate metabolism and in individuals with impaired or reduced D-lactate metabolism.[@cit0026] Increased abundance of D-lactate producing bacteria[@cit0022] and symptom overlap between ME/CFS and D-la lead to the suggestion that a similar mechanism may occur for both conditions. While D-la is an acute condition, subclinical levels of D-lactate may play a role in the neurological symptoms of ME/CFS. Our team are currently investigating this possibility.

*Streptococcus sanguinis* has been shown to produce more D-lactic acid from glucose metabolism and is involved in maintaining a more acidic environment.[@cit0022] In ruminants, greater carbohydrate intake increased *Streptococcus bovis* growth, reduced the pH level and encouraged the growth of *Lactobacillus* species.[@cit0020] These mechanisms appear consistent in humans. The pH level influences bacterial composition. A more acidic environment (lower pH) encourages the growth of acid-resistant bacteria (including *Lactobacilli*) and increases lactic acid production.[@cit0027] Several D-la case studies have shown an overgrowth of *Lactobacillus* species in stool samples.[@cit0027] With no comparative control group, we could not determine whether ME/CFS patients in our sample had an overgrowth of *Lactobacilli*. Nonetheless, results for *Lactobacillus* support the application of D-lactate theory in male patients. Significant positive correlations were shown between *Lactobacillus* RA and neurocognitive, pain, neurosensory, gastrointestinal and mood symptoms for males ([Fig. 1](#f0001){ref-type="fig"}). These ME/CFS symptoms overlap with symptoms of D-la.[@cit0030]

Application of the D-lactate theory in females is less clear. No significant associations were yielded for *Lactobacillus* and reverse significant negative associations were found between *Streptococcus* and pain, neurosensory and immune symptoms ([Fig. 1](#f0001){ref-type="fig"}). While *Enterococcus* RA was significantly and positively correlated with gastrointestinal symptoms and sensitivities (food and chemical) in females ([Fig. 1](#f0001){ref-type="fig"}), neurological symptoms did not reach significance. These results raise the possibility of sex-differences in D-lactate metabolism. The opposing microbial-symptom associations for males and females suggests that the functional role of microbiota, and perhaps D-lactic acid, may differ between the sexes. The role of D-lactate in ME/CFS is only a theoretical proposition at this stage. Sex comparison of species-level analysis of gut microbiota, bacterial metabolites and D-lactic acid levels in ME/CFS patients will help evaluate the validity of this theory.

As discussed in our original paper,[@cit0006] results for *Bifidobacteria* add further complexity to the argument. Sex consistency and positive microbial-symptom correlations for this genus do not support the relevance of D-lactate theory for either sex. Similar to other genera discussed, only selected species of the genus *Bifidobacterium* produce excess D-lactate. Investigation at the species level will clarify these unanswered questions.

Future considerations {#s0001-0004}
---------------------

Clinical and research settings should not underestimate the value of sex comparisons. As indicated by our results, comparison between the proportion of genera in male and female patients revealed sex-similarities. However, further analyses examining symptom-bacterial interactions suggest that merely using a surface-level comparison of bacterial composition is too simplistic. More detailed analyses of the functional differences between similar organisms are likely to provide a more comprehensive picture. Optimally, future studies will also measure sex hormone levels to advance our current understanding of the bidirectional interaction between hormones and microbial composition.

Male mice are preferentially used in animal studies.[@cit0031] Historically, this has been due to the suggested variability that occurs throughout the estrous cycle.[@cit0032] Recent evidence negates this proposition and encourages the inclusion of female mice in biomedical and neuroscience research.[@cit0032] Our results echo the proposed policy changes by the US National Institutes of Health[@cit0031] and recommend that animal research and clinical trials are designed to enable sex comparisons to accurately interpret results and establish efficacious treatments across the population.

A limitation of our results is the use of culture-based methods compared to metagenomic sequencing. Advanced sequencing technology has superior capacity to detect bacterial diversity.[@cit0033] This raises the possibility that some species and genus unable to be cultured may also be relevant for ME/CFS. However, distinguishing viable genetic material can be limited using sequencing technology. Using culture methods within the context of functional and applied pathology, we have focused on a small selection of viable genera compared to the hundreds of bacterial species with unclear viability that can be revealed through sequencing methods.[@cit0011] Hence our results do not exclude the relevance of other organisms not identified in this research. Nevertheless, culture methods remain valuable for gaining information about how bacteria react to other bacteria and respond to their environment.[@cit0034] In fact, combining culture and sequencing methods may ensure that we continue to advance our knowledge of microbial function at the same rate as the rapidly growing identification of new bacterial species. Regardless of the selected method, examination of sex differences in bacterial function remains pertinent.

Extension of our results requires the use of metabolomics technology to accurately examine functionality of bacterial species across individuals. Concurrently with metagenomic advances, metabolomics technology allows the genetic potential of bacteria to be compared with the biological metabolites of species.[@cit0034] Metabolic profiling of the gut microbiome appears to not only have localized effects. Animal studies showed that both microbiome manipulation and infection can lead to metabolic changes in multiple anatomical sites including the liver and brain.[@cit0034] While the technology is still in its infancy, this information is likely to dramatically improve our understanding of mind-gut interactions and the microgenderome. The bacterial environment, related energy production and metabolism can vary according to intrinsic and extrinsic characteristics including sex, age, diet, climate, ethnicity, disease status and hormonal status. It is predicted that measurement of bacterial metabolites, including but not restricted to metabolic hormones, neurotransmitters and lactate production will advance understanding of mechanisms involved in ME/CFS. Inter-individual comparisons will enable exploration of potential sex differences and clarification of the relevance of D-lactate theory for this population.

As authors from psychology, medical and microbiology fields, we encourage inter-disciplinary collaboration and education. The brain-gut-microbial axis and our results in this ME/CFS sample suggest that some symptoms previously considered in isolation (e.g., neurological, gastrointestinal and immune symptoms) may have shared mechanisms. In conjunction with technological advances, collective insights from multiple disciplines will enhance our understanding of the complexities of the microgenderome\'s role in human health. If we can understand the function of the microbiota/microbiome for each individual, we can more accurately assess gut dysbiosis, metabolic abnormalities, deficiencies or accumulated toxic metabolites that may be related to disease processes. A future with more individualised assessments and targeted interventions appears within closer reach.
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